Investigations into intracellular replication and differentiation of Trypanosoma cruzi 29 within the mammalian host have been restricted by limitations in our ability to detect 30 parasitized cells throughout the course of infection. We have overcome this problem 31 by generating genetically modified parasites that express a bioluminescent/fluorescent 32 fusion protein. By combining in vivo imaging and confocal microscopy, this has 33 enabled us to routinely visualise murine infections at the level of individual host cells. 34 These studies reveal that intracellular parasite replication is an asynchronous process, 35 irrespective of tissue location or disease stage. Furthermore, using TUNEL assays 36 and EdU labelling, we demonstrate that within individual infected cells, replication of 37 both mitochondrial (kDNA) and nuclear genomes is not co-ordinated within the 38 parasite population, and that replicating amastigotes and non-replicating 39 trypomastigotes can co-exist in the same cell. Finally, we report the presence of 40 distinct non-canonical morphological forms of T. cruzi in the mammalian host. These 41 appear to represent transitional forms in the amastigote to trypomastigote 42 differentiation process. Therefore, the intracellular life-cycle of T. cruzi in vivo is more 43 complex than previously realised, with potential implications for our understanding of 44 disease pathogenesis, immune evasion and drug development. Dissecting the 45 mechanisms involved will be an important experimental challenge.
INTRODUCTION 63
The obligate intracellular parasite Trypanosoma cruzi is responsible for Chagas 64 disease, a debilitating infection that is widespread in Latin America. There are an Parasite culture 140 T. cruzi CL-Luc::Neon epimastigotes were cultured in supplemented RPMI-1640 as 141 described previously [21] . Genetically manipulated lines were routinely maintained on 142 their selective agent (hygromycin, 150 μg ml -1 ; puromycin, 5 μg ml -1 ; blasticidin, 10 μg 143 ml -1 ; G418, 100 μg ml -1 ). MA-104 (fetal African green monkey kidney epithelial) cells 144 (ATCC CRL-2378.1) were cultivated to 95-100% confluency in Minimum Essential 145 Medium Eagle (MEM, Sigma.), supplemented with 5 % Foetal Bovine Serum (FBS), 146 100 U/ml of penicillin, and 100 μg ml -1 streptomycin at 37°C and 5% CO 2 . Tissue 147 culture trypomastigotes (TCTs) were derived by infecting MA104 cells with stationary 148 phase metacyclic trypomastigotes. Cell cultures were infected for 18 hours. External 149 parasites were then removed by washing in Hank's Balanced Salt Solution (Sigma-Aldrich), and the flasks incubated with fresh medium (Minimum Essential Medium 151 (Sigma-Aldrich) supplemented with 5% FBS) for a further 5-7 days. Extracellular TCTs 152 were isolated by centrifugation at 1600 g. Pellets were re-suspended in Dulbecco's 153 PBS and motile trypomastigotes counted using a haemocytometer. In vitro infections 154 for microscopy were carried out as above, but on coverslips incubated in 24-well plates 155 using an MOI of 5:1 (host cell:parasite). Coverslips were fixed with 2% 156 paraformaldehyde at 72 hours post infection. Cells were then labelled with TUNEL 157 (section 4.6). Mouse infection and necropsy 166 Mice were maintained under specific pathogen-free conditions in individually 167 ventilated cages. They experienced a 12 hour light/dark cycle and had access to food 168 and water ad libitum. Female mice aged 8-12 weeks were used. CB17 SCID mice 169 were infected with 1x10 4 tissue culture trypomastigotes, and monitored by 170 bioluminescence imaging (BLI), as previously reported [14] . At the peak of the 171 bioluminescence signal, when trypomastigotes were visible in the bloodstream, the 172 mouse was culled by an overdose of pentobarbital sodium, and the infected blood 173 obtained by exsanguination. The trypomastigotes were washed in Dulbecco's PBS 174 and diluted to 5x10 3 ml -1 . 1x10 3 trypomastigotes were injected i.p. into each mouse (BALB/c or C3H/HeN) and the course of infection followed by BLI. At specific time-176 points, the mice were euthanised by an overdose of pentobarbital sodium and 177 necropsied (for detailed description of the necropsy method, see Taylor et al., 2019) . 178 Their organs were subject to post mortem BLI. We excised those segments that were Tissue sections were produced as described previously [20, 22] . Briefly, excised tissue 185 was fixed in pre-chilled 95% ethanol for 20-24 hours in histology cassettes. The tissues 186 were dehydrated in 100% ethanol, cleared in xylene, and then embedded in paraffin 187 at 56°C. Sections were cut with a microtome and mounted on glass slides, then dried 188 overnight. Slides were stored in the dark at room temperature until required. Live imaging of infected cells. 228 Videos were acquired using an inverted Nikon Eclipse microscope. The chamber 229 containing the specimen was moved in the x-y plane through the 580 nm LED DNA are maintained until the whole mini-circle network has been replicated. This 265 enables newly duplicated circles to be distinguished from non-replicated circles and 266 ensure each daughter network is complete [26, 27] . Therefore, during the S-phase of 267 kDNA replication, the free 3' hydroxyl groups at the nicks on the newly synthesised 268 strands can be labelled with a fluorescent analogue by terminal uridylyl transferase 269 [20, 26, 28] . This means that the TUNEL assay enables specific labelling of parasites 270 that have commenced cell division.
272
We first applied TUNEL assays to asynchronous, exponentially growing epimastigote 273 cultures to confirm that this method was applicable to T. cruzi. Parasites in the early phase of kDNA synthesis displayed TUNEL positivity in antipodal sites on either side 275 of the kDNA disk, indicative of the two replication factories (Fig 1a) . Later in replication, 276 the entire disk was labelled (Fig 1b) . Nuclear DNA did not exhibit a positive signal at 277 any stage (Fig 1a and b) . TUNEL+ve and TUNEL-ve parasites. Moreover, all of the different organs that were 332 analysed showed similar profiles with respect to parasite replication states (Fig 3) . We assessed a range of bioluminescence positive tissues excised from mice in the 378 acute stage of infection (Fig 4) . In cardiac sections, there was negligible labelling of In gut sections obtained from chronically infected mice, EdU labelling of host cells in 409 the mucosal epithelium was readily apparent, since these cells are continually shed 410 into the gut lumen and replaced from stem cells (Fig 4c, white arrowheads) . As in the 411 acute stage, the labelling pattern within amastigote "nests" was consistent with 412 asynchronous replication of nuclear DNA, with many parasites showing no detectable 413 EdU incorporation (Fig 4c; S4 Fig a, b) . We also analysed sections taken from tissue M279-17). We injected these animals with two pulses of EdU at 18 and 28 hours before 417 euthanasia. The number of parasites and infected cells was consistent with the 418 strength of the bioluminescent signal visible on ex-vivo organ sections (Fig 5a) . Some 419 of the nests were very large ("mega-nests"), containing hundreds of parasites, and in 420 some cases, they clearly extended beyond the limits of the tissue section (indicated 421 by asterisks, Fig 5b, c) . However, examination of serial sections of a single large nest 422 indicated that the asynchronous nature of EdU incorporation was sustained throughout 423 the nest (Fig 6) , since in each section there were both EdU+ve and Edu-ve vitro, we observed that amastigotes could be detected in the same cells as 460 differentiated trypomastigotes (Fig 7a) . We used the TUNEL assay to examine 461 whether amastigotes in this environment were undergoing replication or were about to 462 differentiate. Antipodal TUNEL staining was observed in the kinetoplasts of some 463 amastigotes present in cells with trypomastigotes indicating ongoing kDNA replication 464 (Fig 7b) . Co-existence of replicating parasites with trypomastigotes was confirmed by We observed a number of distinct T. cruzi morphological forms during murine 493 infections that do not conform to the standard amastigote/trypomastigote dichotomy.
494
In both acute and chronic infections, we frequently visualised amastigote-like forms 495 with a protruding flagellum (Fig 8) . This flagellum extended from the anterior of the 496 parasite, based on the relative position of the kinetoplast and nucleus (Fig 8a-c) . The 497 kinetoplast and nucleus displayed the forms associated with the replicative stages of 498 the parasite. The length of the visible flagellum was highly variable with the majority of amastigotes having no protruding flagellum. (Fig 8d) . The length of the amastigote cell 500 body varied between 3 and 7 µm (mean 4.2 ± 0.8 µm) with the flagellar length being 501 independent of cell body length (Fig 8c and e) . The flagellated amastigote-like 502 parasites have similarities to sphaeromastigotes (Tyler & Engman, 2001) , a form that 503 has been observed in vitro. In addition to the flagellated amastigote-like parasites, we also observed a second 520 non-standard form that displays an epimastigote-like morphology (Fig 8c, The broad outline of T. cruzi replication and stage-specific differentiation during 530 mammalian infection has been known for more than a century. However, it is clear 531 that this part of the life-cycle is more complex than previously described, with possible 532 implications for our understanding of pathogenesis, immune evasion and transmission 533 [34] . Unravelling the biology of T. cruzi within the host is also crucial from a drug 534 development perspective, since some life-cycle stages may be less sensitive to 535 treatment [9], and the ability of the parasite to reside in metabolically distinct tissue 536 compartments may have significant effects on drug exposure and pharmacodynamics.
537
To date, most research on T. cruzi replication and differentiation has utilised in vitro 538 systems. Although these are informative, they may not capture the full developmental 539 range, and could give rise to artefactual observations that are not relevant to these 540 processes within the mammalian host. In addition, in vitro cultures often use 541 immortalised mammalian cell lines, whereas in vivo T. cruzi is usually found in non-542 replicating terminally differentiated cells such as muscle fibres.
544
One of the major unknowns in T. cruzi biology is the extent to which parasite growth 545 is co-ordinated within individual host cells during a mammalian infection, and how it is 546 influenced by tissue/organ location and disease status. This issue has been 547 highlighted by recent reports of spontaneous dormancy during intracellular infection 548 (Sánchez-Valdéz et al., 2018) . Here, using a bioluminescent/fluorescent dual reporter strain that significantly enhances our ability to identify and visualise infected host cells 550 in vivo, we provide evidence that intracellular replication is largely asynchronous. From 551 observation, it is apparent that the number of parasites per host cell does not follow a 552 predictable or tightly regulated pattern in vitro (Fig 1, S2 Fig) , or in vivo, at any phase 553 of the infection, or in any specific tissues (Figs 2-6 ). Consistent with this, two separate 554 assays indicate that, within individual infected cells, DNA replication is not 555 synchronised between parasites at either nuclear or kinetoplast genome levels (Figs 556 2-6, S3, S4). In the case of EdU labelling, this was not a reflection of differential tissue 557 penetration, since replicating amastigotes were interspersed with non-labelled 558 parasites in a wide range of tissues types, during both acute and chronic infections.
559
TUNEL labelling is not dependent on incorporation of nucleoside analogues in a living 560 mouse and is therefore an orthogonal assay for mitochondrial DNA replication.
562
The finding that extremely large nests of asynchronously dividing or differentiating 563 parasites can exist in chronically infected animals ( Fig 6 and S4 Fig) Single infected cells can contain both replicating amastigotes and non-replicating, 572 differentiated trypomastigotes (Fig 7) . Therefore, whatever the signal(s) that trigger 573 differentiation and/or replication, they are not perceived and/or acted on in concert by every parasite within the nest. This contrasts with the related extracellular parasite T. 575 brucei in which a well-characterised quorum sensing pathway initiates differentiation 576 from the replicative long slender bloodstream form to the non-replicating short stumpy 577 form, preadapted for transmission to the tsetse fly vector [36] [37] [38] [39] . The lack of 578 synchrony in differentiation between amastigote, intracellular "epimastigote" and 579 trypomastigote, during T. cruzi infection, indicates that either a ubiquitous quorum 580 sensing mechanism of this kind does not operate within single infected host cells, or 581 that some parasites remain refractory to the trigger signal, as exemplified by the 582 quiescent amastigotes identified recently [9] .
584
The dual reporter parasite strain also enabled us to identify a number of non-standard 585 parasite forms in tissues of infected mice, sometimes co-existing within the same host 586 cell (Fig 5, S5 Fig) . The role of the intracellular and extracellular epimastigote-like, and 587 flagellated amastigote-like forms in the parasite life-cycle remains to be determined.
588
Their relative scarcity suggests that they could be transient forms which occur during 589 the differentiation from amastigote to trypomastigote. Importantly, detection of these 590 morphological forms in vivo excludes the possibility that they represent laboratory 591 culture artefacts. Intriguingly, in this context, it has been established that in the 592 opossum, an ancient natural host of T. cruzi, there is an insect stage-like epimastigote 593 cycle within the anal glands. This appears to exist independently of the intracellular 594 pathogenic cycle found in other tissues [40] . It has also been demonstrated that 
